Knowledge of the metabolism of Pasteurella petsis remains fragmentary and indirect, despite the fact that plague has long been the subject of considerable research. Information concerning the nutritional requirements of P. pestis can be found in the reports of Rao, 1940b; Doudoroff, 1943; Hills and Spurr, 1952; Rockenmacher et al., 1952 . Completely lacking are quantitative metabolic data on nonproliferating, resting cells.
Certain other unrelated aspects of P. pestis metabolism have been described recently. The catalase content of this organism and its relation to virulence were studied in some detail by Rockenmacher (1949) and Avi-Dor and Yaniv (1952) , and several aspects of its sulfur metabolism have been described by Englesberg (1952) .
The oxidative dissimilation of serine and pyruvate has been discussed by Levine et al. (1952) in a brief report. These authors found that cell-free extracts of P. pestis can convert pyruvate to acetic acid.
The purpose of the following is to describe certain aspects of the oxidative metabolism of P. pestis in whole resting cells and in cell-free extracts. The respiratory patterns have been followed by the use of intermediates labeled with C14 and by conventional spectrophotometric and manometric procedures. These experiments form a part of an investigation of the over-all metabolic pathways and toxin production of the plague bacillus.
MATERIALS AND METHODS
The avirulent Tjiwidej strain of P. pestis was used. To obtain large batches of cells twenty-four hour old slants were transferred to 500 ml of trypticase soy broth (BBL) and incubated overnight at room temperature. This culture was inoculated then into 16 liters of broth and incubated for 24 to 48 hours at room temperature with constant aeration. The bacteria were sedimented in the Sharples centrifuge, washed twice with distiled water, and either used immediately or stored in the ice box for 24 to 48 hours before use.
The E8cherichia coli and Corynebacterium creatinovorans used in certain comparative studies were grown on acetate medium described by Ajl and Kamen (1951) .
Radioactive P. pestis were used to determine the effect of exogenous substrate on their endogenous respiration. These were prepared in the same manner as normal celLs except that radioactive glucose was added aseptically to the medium at 6 and again at 12 hours after the final transfer. The glucose had a specific activity of 50,000 disintegrations per minute per mg and was added in 20 mg amounts. In respirometer studies an aliquot of a labeled bacterial suspension was pipetted into each Warburg flask. Respiratory CO2 was collected in the alkali contained in the center well; the last traces of CO2 were driven over by tipping acid into the main compartment. After equilibration, the contents of the center well were collected; carrier Na2CO3 was added, CO2 was liberated with acid and passed into a saturated solution of barium nitrate, and the resultant BaCO3 was collected, washed twice with ethanol, dried, weighed, and counted.
For quantitative respiration studies, conventional Warburg methods were used. Respiratory quotients were obtained by the indirect method.
Experiments in which radioactive acetate was used as substrate were of two types. In procedure 1, methyl labeled acetate was incubated in the 379 MELVIN BANTER AND SAM AJL presence of one or more unlabeled compounds to which the radioactive intermediate was'thought to give rise. In procedure 2, methyl labeled acetate was metabolized in the absence of carriers by large batches of cells, and attempts were made to isolate the intracellular intermediates of acetate oxidation. This procedure was used originally by Saz and Krampitz (1951) and described in detail by Glover et al. (1952) . Only a brief description will be given here. At the end of the incubation period, the reaction mixture was acidified with 6 N H2SO4 to a pH of 3.0 and transferred to three volumes of boiling 95 per cent ethanol. After an additional boiling period of 10-15 minutes, the contents were allowed to stand overnight in the refrigerator. The cells then were centrifuged, taken up in distilled water, and again added to boiling alcohol, after which both fractions were combined. The alcohol plus the residual acetate was removed by steam distillation and the residue ether-extracted for 78 hours. The ethereal layer was analyzed then for di-and tricarboxylic acids.
The isolation procedures for succinate, fumarate, malate, a-ketoglutarate, and citrate have been described by Ajl (1951a) . a-Ketoglutarate was determined quantitatively by the method of Friedemann and Haugen (1943) and separated chromatographically by a modification of the method of Seligson and Shapiro (1952) ; citrate concentration was determined by the method of Natelson et al. (1948) and degraded with ceric sulfate Barban and Ajl (1952) .
Methods for the determination of carbon 14
were as previously described (Ajl, 1951b; Ajl and Kamen, 1951 Total volume of reactants 50 ml. Reaction flask contained 30 grams (wet weight) of P. pestis, 2 ml of 0.2 X phosphate buffer, pH 7.2, 1 mm of radioactive acetic acid containing 17.5 X 10' cts/min, and distilled water to volume. Temperature 25 C. Aerobic. Total volume of reactants 15 ml. Each vessel contained 6 ml of cell-free extract, 50 im each of succinate, a-ketoglutarate and citrate, 0.5 mg of MgCl9, 10 mg of ATP, 7 units of CoA, 10 pM of cysteine, 1 ml of phosphate buffer, 0.1 m, pH 7.4, and 1 ml of methyl labeled acetate containing '-1 X 107 cts/min. Time of incubation 60 minutes.
Temperature 37 C. Aerobic conditions were maintained by bubbling through sterile air. Anaerobic conditions were maintained by bubbling through sterile 02-free Ni.
In order to determine whether the labeled acetate in the course of its breakdown cycles through the Krebs' cycle intermediates, the specific activity of the respired C00 was compared with the specific activities of carboxyl carbon of succinate and citrate. The results are shown in figure 3) , it becomes readily apparent that citrate, for example, precurses succinate during the initial stages of the experiment as the tricarboxylic acid cycle mandates. Further, when the specific activity of the respired CO2 is compared with the specific activities of carboxyl carbon of the intracellular Krebs' cycle intermediates during the oxidation of methyl labeled acetate, one finds complete equivalence between the two. This is to be expected if acetate, during its oxidation, cycles and the respired CO2 is coming off from successive decarboxylations of the tricarboxylic acid cycle intermediates.
In only some instances, was it possible to determine with any degree of accuracy the intracellular concentration of a-ketoglutarate. This required the use of as many as 36 g of cells. The evidence for the participation of this key keto acid in acetate oxidation is therefore largely indirect and includes the following observations: (1) Although a-ketoglutarate could not be isolated, the band corresponding to the C5-keto acid on a paper chromatogram always contains some activity. Therefore, the specific activity of the acid is extremely high and it could be a precursor of succinate. (2) The occurrence of the enzymes aconi- The concentrations of succinate and citrate represent the intracellular pools of these acids.
tase and isocitric dehydrogenase in this organism, which when combined convert quantitatively citric acid to a-ketoglutarate.
The following explanations are offered for a-ketoglutarate not becoming significantly active during the metabolism of 2-C04-acetate: (1) The C-keto acid is extremely reactive, and consequently there is essentially no significant intracellular pool of this acid at any time. This is substantiated by the finding that when a-ketoglutarate is exposed to crude cell-free extracts, as much as 10 Mm of it wil disappear in less than 30 minutes per two ml of extract. (2) Radioactive a-ketoglutarate (presumably formed during the oxidation of labeled acetate) does not dissociate to any appreciable extent from the enzyme surface, and consequently there is never enough of it inside the cell either to be detected chemically or to become exchanged with carrier.
One additional observation in connection with the over-all aerobic metabolism of P. pestu deserves comment. It will be recalled that the oxidative metabolism of this organism is sluggish when compared with other bacteria. It is interesting to note that this low metabolic behavior is reflected in the concentration of intracellular Krebs' cycle intermediates. Evidence has been presented which indicates that the intracellular
